Pore-scale Modelling of Wettability Alteration during Primary Drainage by Kallel, W et al.
  
 
 
 
Edinburgh Research Explorer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pore-scale Modelling of Wettability Alteration during Primary
Drainage
Citation for published version:
Kallel, W, van Dijke, MIJ, Sorbie, KS & Wood, R 2017, 'Pore-scale Modelling of Wettability Alteration during
Primary Drainage' Water Resources Research. DOI: 10.1002/2016WR018703
Digital Object Identifier (DOI):
10.1002/2016WR018703
Link:
Link to publication record in Edinburgh Research Explorer
Document Version:
Publisher's PDF, also known as Version of record
Published In:
Water Resources Research
Publisher Rights Statement:
Copyright 2017. American Geophysical Union.  All Rights Reserved.
General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.
Download date: 05. Apr. 2019
RESEARCH ARTICLE
10.1002/2016WR018703
Pore-scale modeling of wettability alteration during
primary drainage
W. Kallel1, M. I. J. van Dijke1 , K. S. Sorbie1 , and R. Wood2
1School of Energy, Geoscience, Infrastructure and Society, Heriot-Watt University, Edinburgh, UK, 2School of GeoSciences,
University of Edinburgh, Edinburgh, UK
Abstract While carbonate reservoirs are recognized to be weakly-to-moderately oil-wet at the core-
scale, pore-scale wettability distributions remain poorly understood. In particular, the wetting state of micro-
pores (pores <5 mm in radius) is crucial for assessing multiphase ﬂow processes, as microporosity can
determine overall pore-space connectivity. While oil-wet micropores are plausible, it is unclear how this
may have occurred without invoking excessively high capillary pressures. Here we develop a novel mecha-
nistic wettability alteration scenario that evolves during primary drainage, involving the release of small
polar non-hydrocarbon compounds from the oil-phase into the water-phase. We implement a diffusion/
adsorption model for these compounds that triggers a wettability alteration from initially water-wet to
intermediate-wet conditions. This mechanism is incorporated in a quasi-static pore-network model to which
we add a notional time-dependency of the quasi-static invasion percolation mechanism. The model
qualitatively reproduces experimental observations where an early rapid wettability alteration involving
these small polar species occurred during primary drainage. Interestingly, we could invoke clear differences
in the primary drainage patterns by varying both the extent of wettability alteration and the balance
between the processes of oil invasion and wetting change. Combined, these parameters dictate the initial
water saturation for waterﬂooding. Indeed, under conditions where oil invasion is slow compared to a fast
and relatively strong wetting change, the model results in signiﬁcant non-zero water saturations. However,
for relatively fast oil invasion or small wetting changes, the model allows higher oil saturations at ﬁxed
maximum capillary pressures, and invasion of micropores at moderate capillary pressures.
1. Introduction
Understanding the wettability characteristics of a porous medium is crucial in any effort to model carbon-
dioxide trapping in aquifers or to optimize oil recovery in hydrocarbon reservoirs. Although wettability is
known to be heterogeneous on a pore-to-pore scale [Fassi-Fihri et al., 1995], current contact angle measure-
ment techniques are unable to discriminate the pore-scale distribution of wettability in natural porous
media. Imaging techniques such as Cryo-SEM [Al-Yousef et al., 1995; Fassi-Fihri et al., 1995] and Field-
Emission SEM (FESEM) [Dodd et al., 2014; Knackstedt et al., 2011; Marathe et al., 2012] can, however, be used
for qualitative wettability analysis and attempts to identify wetting patterns. Examination of the wetting
state of micropores is particularly important, as these may dominate the connected pore system in many
carbonate reservoirs [Cantrell and Hagerty, 1999]. Moreover, although the contribution of the microporosity
to both ﬂuid ﬂow and oil recovery has traditionally been thought to be unimportant, recent work has indi-
cated that this may not be the case [Harland et al., 2015; Kallel et al., 2015].
We use the deﬁnition of micropores suggested by Cantrell and Hagerty [1999] as pores <5 mm in radius.
There are common claims that micropores always maintain their strong afﬁnity to water [Fassi-Fihri et al.,
1995]. Yet oil has been detected within micropores in carbonate rocks, making oil-wet conditions plausible
[Al-Yousef et al., 1995; Clerke, 2009; Clerke et al., 2014; Dodd et al., 2014; Fung et al., 2011; Knackstedt et al.,
2011]. An oil-wet state may have developed either over geological time in large oil columns where high
enough capillary pressures are reached, or as remnant distributions in initially larger pores, or if the micro-
pores undergo progressive wettability changes.
Wettability alteration is often said to be associated with asphaltenes, which have been cited as being major
wetting alteration agents. Asphaltenes are high molecular weight polar aggregates occurring in many crude
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oils, coated by lower molecular weight molecules called resins. The large average size of 0:6 lm of the
asphaltenes is thought to prevent them from accessing micropores of their own size [Al-Yousef et al., 1995].
In addition, asphaltenes have the characteristic of being insoluble in water (hydrophobic). This prevents
them from penetrating protective water ﬁlms and directly contacting the pore walls. However, if the protec-
tive stable water ﬁlm breaks down to a molecularly thin ﬁlm, for instance by reaching high enough capillary
pressures, asphaltenes may then irreversibly adsorb onto the surface, hence rendering it oil-wet [Kovscek
et al., 1993]. The thicker water ﬁlms may initially be destabilized by the adsorption of smaller molecular
weight polar components present in the crude oil. According to Buckley and Liu [1998], several mechanisms
may be responsible for the adsorption of components from the oleic phase: polar interactions, surface pre-
cipitation, acid/base interactions and ion binding.
A complementary theory suggests that the thin water ﬁlms may initially be destabilized by the adsorption
of polar components with smaller molecular weight that are present in the crude oil [van Duin and Larter,
2001; Bennett et al., 2004]. Indeed, crude oils are usually rich in smaller polar nonhydrocarbon compounds,
for instance the aromatic oxygen compounds such as alkylphenols (e.g., phenol C02C3) [Lucach et al., 2002;
Taylor et al., 1997]. Alkylphenols are characterized by their high solubility in water (hydrophilic, unlike
asphaltenes) and high surface activity. Indeed, Huang et al. [1996] induced wetting changes in a laminated
rock using a ‘‘synthetic crude oil’’ containing a number of candidate smaller polar molecules such as cresols,
phenols, carbazoles, methylquiniline, etc. Van Duin and Larter [2001] used molecular dynamics simulations
to suggest a wettability alteration process involving these small water-soluble polar nonhydrocarbon com-
pounds. First, they penetrate the water ﬁlms coating water-wet mineral surfaces. They then rapidly adsorb
onto the surface and render it more hydrophobic. As a result, the water ﬁlm is disrupted and the disjoining
pressure is lowered thus making the ﬁlm prone to collapse at the existing local oil/water capillary pressure.
This water ﬁlm collapse then allows direct contact with the surface by heavier compounds, such as asphal-
tenes. As a result, the surface is rendered oil wet.
Bennett et al. [2004] conﬁrmed this wettability alteration process in a core-ﬂood experiment on a sandstone,
where they observed an early rapid wettability alteration that occurred during primary drainage involving
alkylphenols. Indeed, these small polar species were absent from the eluted oils at the end of the experi-
ment. The nonappearance of polar compounds is mainly due to their high interaction with the surface,
which decreased across the length of the core. This resulted in a signiﬁcant wettability alteration, preferen-
tially near the inlet, conﬁrmed by an ESEM (Environmental SEM) examination of the core after wetting alter-
ation. Additionally, the authors pointed out the relative speed of the process, which may happen in a
reservoir over a time scale from days to months. Thus, the time scale of wetting alteration in such a mecha-
nism would depend on the slowest step in the process from diffusion of the polar organics into the water
ﬁlms, the adsorption of these smaller polar molecules to the rock surface, the lowering of the disjoining
pressure of the water ﬁlm and its subsequent collapse and ﬁnally the adhesion of larger polar compounds
such as asphaltenes onto the rock surface.
In a previous paper, we examined a physically based wettability alteration model to describe wettability dis-
tributions and their consequences in pore network models [Kallel et al., 2015]. This earlier work described in
a simple manner the rule-based wetting change mechanism that strictly occurs following ageing in crude
oil due to the surface adsorption of such species as asphaltenes. This corresponds to the traditional
approach that mimics the three-stage process experienced by an initially water-wet reservoir: primary drain-
age, ageing and waterﬂood.
In this work, we present a more mechanistic physically plausible model for the initial stages of wetting change
from water-wet to more intermediate-wet conditions, which may occur during primary drianage (PD). We
implement the model in a quasi-static pore network model to explain and numerically simulate the wettability
alteration mechanism suggested by Bennett et al. [2004] involving small polar compounds from the oil. We
have added a ‘‘scaled’’ time-dependency to the common oil invasion-percolation algorithm to be able to
incorporate a time-dependent transport model for polar compounds. The time scaling referred to incorpo-
rates the balance between the oil invasion/migration time scale and the time scale of diffusion of small polar
species and their adsorption which triggers a wetting change. The physical and chemical processes in this
model will affect the ﬁnal phase distributions and initial water saturations in the oil column after oil migration.
Particularly, the model provides a clear and precise mechanism of how oil can migrate into micropores, with-
out necessarily reaching the excessively high capillary pressures that would be required for oil invasion into
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strongly water-wet micropores. However, the current model stops short of the full ‘‘ageing’’ change associated
with asphaltenes and the resulting oil-wet conditions, but this further process and its effect on subsequent
imbibition will be considered in a forthcoming paper. In section 2, details are given of how small polar nonhy-
drocarbon molecules diffuse from the oil into and through the water phase within the pore network, thus
leading to wettability alteration which can progress as the primary drainage process occurs. In section 3, we
present the resulting ﬂuid distributions at the pore level (pore occupancies) and the consequences of these
changes on the phase saturation proﬁles within the oil column during primary drainage. These calculations
are based on two networks with distinct pore structures; the ﬁrst is based on the digital pore network of a rel-
atively simple Berea sandstone [Jiang et al., 2007] and the second is a multiscale network of macropore and
micropore generated from a carbonate rock sample [Jiang et al., 2013].
2. Model Description
The model developed in this work is an extension of the quasi-static two-phase ﬂow network modeling tool
that has been described previously by Ryazanov et al. [2014] and Kallel et al. [2015]. The model starts with
initially water-ﬁlled and perfectly water-wet pores, with the initial oil/water contact angle, h50. Commonly
in quasi-static pore network modeling simulators, oil invasion occurs pore by pore at discrete invasion per-
colation (IP) events. These are assumed to happen instantaneously, hence time is not explicitly taken into
consideration. In this work, we separate these invasion events in time, based on an assumed ﬂow rate Q,
corresponding to a charge time for an oil reservoir by oil migration, as illustrated in supporting information
Figure S1.
In fact, we assume that the invading volumes of oil,Voil m3½  linearly increase over time: Voil tð Þ5Q  t; where
t s½  is the migration time; Q m3s21½  is the ﬂow of hydrocarbons invading a reservoir rock. Q is chosen low
enough to remain in the capillary-dominated regime, i.e., the capillary number satisﬁes the following condi-
tion [Blunt and Scher, 1995]:
Nc5
ql
row
 1024 (1)
where l is the viscosity and row the oil-water interfacial tension, and q5Q=Ainlet , with Ainlet the total cross-
sectional area at the system inlet. We effectively replace a discrete process which occurs in steps by a con-
tinuous process described by a straight line.
At time ti during instantaneous oil invasion of pore i, we consider the polar compounds to be transported
through the oil phase. The details of this process are provided in section 2.1. Additionally, during the period
of time ti112ti separating two successive pore invasion events, a diffusion/adsorption model for polar com-
pounds is applied using discrete time steps, DTRt . In fact, we assume that the polar compounds diffuse to—
and adsorb in—the oil-ﬁlled pores, as well as in the water-ﬁlled pores due to their high solubility in water
[Bennett et al., 2004], as detailed in section 2.2. The initial conditions for the diffusion/adsorption process are
related to the oil/water conﬁguration and their relative concentrations at time ti .
2.1. Transport Through Oil Invasion
Throughout this section, we will consider a single pore i and deﬁne Cio tð Þ mg=L
 
and Ciw tð Þ mg=L
 
as the
mobile concentrations of polar compounds in the oil phase and water phase, respectively, and Ci tð Þ
mg=m2
 
as the corresponding adsorption level of polar compounds per unit area in pore i at time t. Note
that we assume perfect mixing within each phase.
If pore i is water-wet and has corners, water remains in the pore corners, as well as in a thin ﬁlm lining the
pore wall following oil invasion [Kovscek et al., 1993]. When polar compounds are transported into the oil
phase of pore i, either through oil invasion or through diffusion, we assume that they instantaneously parti-
tion between the oil and water phases within the same pore, since they are highly soluble in water, and
that they instantly adsorb onto the surface from the water phase. These are reasonable assumptions given
the time scales of diffusion and adsorption with the relatively slower migration of oil. An illustration of the
partitioning and adsorption within an angular oil-ﬁlled pore is shown in supporting information Figure S2.
We also assume that the concentration of polar compounds in the water phase, Ciw tð Þ; is linearly related to
the oil phase concentration, Cio tð Þ, as follows:
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Ciw tð Þ5PCio tð Þ; 8t > 0 (2)
where P is the partitioning coefﬁcient, input to the model (0 < P < 1Þ.
During oil invasion of pore i at time ti , we consider the polar compounds to be carried by the oil phase.
Hence, we assume that Cio tið Þ is equal to the concentration at the oil invasion front, computed as an aver-
age of the oil phase concentrations in the adjacent oil-ﬁlled pores:
Cio tið Þ5
Pzo
k51 Cko tið ÞVkoPzo
k51 Vko
(3)
We deﬁne Vko and Vkw as the volumes of the oil phase and water phase of pore k, respectively, satisfying Vko
1Vkw5Vk : Besides, zo is the number of oil-ﬁlled pores adjacent to pore i, zo  z, where z is the total number
of pores connected to pore i; z is equal to 2 for a bond, corresponding to its two connecting nodes (z51 for
a boundary bond) and z  1 for a node, corresponding to its coordination number (number of neighboring
bonds).
Immediately after oil invasion of pore i at time ti , the total mass within the pore, mi tið Þ; is equal to
Cio tið Þ  Vio1Ciw tið Þ  Viw1Ci tið Þ  SAi , where SAi m2½  is the total surface area of the pore. Since both the par-
titioning and adsorption are instantaneous, this mass is supposed to instantaneously distribute between
the phases within the same pore and to adsorb onto the surface in accordance with a Langmuir isotherm.
This happens straight afterward (at ti1), as follows:
Ci ti
1
 
5Cmax
KCiw ti
1ð Þ
11KCiw ti
1ð Þ
mi ti
1
 
5Cio ti
1
   Vio1Ciw ti1   Viw1Ci ti1   SAi5mi tið Þ (4)
where Cmax mg=m2½  and K L=mg½  are the Langmuir maximum adsorption level per unit area and adsorption
constant, respectively.
By combining equations (2) and (4), we obtain a single quadratic equation that we solve for Cio ti
1ð Þ, know-
ing Cio tið Þ; Ciw tið Þ; and C tið Þ:
KP:Cio ti
1
 2
1 11
KP
Vio1PViw
Cmax:SAi2mi tið Þð Þ
 
:Cio ti
1
 
2
mi tið Þ
Vio1PViw
50 (5)
Afterward, Ciw ti
1ð Þ and Ci ti1ð Þ are directly derived from equations (2) and (4), respectively.
2.2. Transport Through Diffusion
As previously stated, polar compounds diffuse into both oil-ﬁlled and water-ﬁlled pores during the period
of time separating two successive pore invasions at discrete time steps DTRt :
2.2.1. Mass Balance Equations
2.2.1.1. Oil-Filled Pores
The material balance of the polar compounds within pore i is described by the diffusion-adsorption equa-
tion in the following from, discretized along the network structure:
DCio
DTRt
5
Cio t1D
TR
t
 
2Cio tð Þ
DTRt
5
1
VioD
TR
t
Dmdi2Dmexið Þ
DCiw
DTRt
5
Ciw t1D
TR
t
 
2Ciw tð Þ
DTRt
5
1
ViwD
TR
t
Dmexi2Dmaið Þ (6)
where Dmdi , Dmexi and Dmai mg½  are the masses of polar compounds that diffused into the bulk phase
(here oil), that exchanged between the oil and the water phases and that adsorbed onto the surface,
respectively, in pore i during time increment DTRt s½ ; Additionally, we assume that the diffusion occurs only
through the bulk phase, neglecting any mass exchanged with the neighboring pores through the corner
water phase. Since Dmexi is the same mass exchanged between oil and water, the two equations in (6) lead
to a single equation:
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Vio Cio t1D
TR
t
 
2Cio tð Þ
 
1Viw Ciw t1D
TR
t
 
2Ciw tð Þ
 
5Dmdi2Dmai (7)
2.2.1.2. Water-Filled Pores
Additionally, due to their supposedly high water solubility, polar compounds are assumed to diffuse into
the water-ﬁlled pores where they also adsorb onto the surface. Since the pore only contains a water phase,
the material balance for the polar compounds is simply provided by the following equation:
DCiw
DTRt
5
Ciw t1D
TR
t
 
2Ciw tð Þ
DTRt
5
1
ViD
TR
t
Dmdi2Dmaið Þ (8)
2.2.2. Diffusion Model
We apply a discretized form of Fick’s diffusion equations for the diffusion of polar compounds within pore i
(equation (9)), with the diffusion front only advancing to the directly adjacent pores ahead at each time step DTRt :
Dmdi5D
TR
t
Xz
k51
Jki:min Ai;Akð Þ
Jji52D
Ci tð Þ2Cj tð Þ
Lji
(9)
where z is the number of pores connected to pore i (as deﬁned above); Jji mg=m2s
 
is the diffusion ﬂux
from pore j to pore i, which occurs across the minimum bulk-phase cross-sectional area, A m2½ , between
the two adjacent pores; Lji m½  is the distance between the centre of pore j and center of pore i; D cm2=s½ 
is the diffusion coefﬁcient. Note that at ﬁxed physical diffusion coefﬁcient D, we should carefully choose a
low DTRt in order to avoid instabilities that arise from the discretized diffusion model. Indeed, unless every
pore satisﬁes the condition below, mass conservation fails:
Dmdi1mibulk tð Þ  0 (10)
where bulk corresponds to the pore’s bulk phase, through which the diffusion occurs; and mibulk tð Þ is the
mass in the bulk phase at the beginning of the time step (initial), deﬁned as mibulk tð Þ5Cibulk tð ÞVibulk .
As for the boundary conditions, the concentration at the inlet is taken as constant over time, equal to C0. At
the outlet, a ‘‘no ﬂow’’ boundary condition is assumed.
We model the diffusion between two pores sharing the same bulk phase using the bulk-phase concentrations,
i.e., the diffusion from oil to oil-ﬁlled and water to water-ﬁlled pores is computed in equation (9) using Cio tð Þ2
Cjo tð Þ and Ciw tð Þ2Cjw tð Þ respectively. For the case of cross-phase diffusion, i.e., from water to oil-ﬁlled pores
and vice versa, we use the difference in water concentrations: Ciw tð Þ2Cjw tð Þ. Indeed, we assume that the polar
compounds partition ﬁrst from the oil to the water phase at the interface between two adjacent pores, then
they diffuse within the water phase. In this particular case, Lji is taken as only half the length of the water-
ﬁlled pore. An illustration of the diffusion mechanism is provided in supporting information Figure S3.
2.2.3. Adsorption Model
The adsorption of polar compounds is assumed to occur from the water phase instantaneously. However,
since the polar compounds concentration changes through diffusion at discrete time steps DTRt , adsorption
is only computed at each DTRt . It is described by a Langmuir isotherm which has the following form:
Dmai5SAi Ci t1D
TR
t
 
2Ci tð Þ
 
Ci t1D
TR
t
 
5Cmax
KCiw t1D
TR
t
 
11KCiw t1D
TR
t
  (11)
2.2.4. Equations Summary
2.2.4.1. Oil-Filled Pores
To summarize, in an oil-ﬁlled pore i at t1Dt; we have Dmdi5Dmdi Ci tð Þð Þ and Dmai5
Dmai Ci tð Þ; Ci t1DTRt
 
; Ciw t1D
TR
t
  
. Knowing Ci tð Þ; Cio tð Þ and Ciw tð Þ from the previous time step, we
combine equations (7), (9), and (11) to obtain a single quadratic equation that we solve for Cio t1D
TR
t
 
:
KP:Cio t1D
TR
t
 2
1 12KPB1
CmaxKP:SAi
Vio1PViw
 
:Cio t1D
TR
t
 
2B50 (12)
where B5Cio tð Þ1 Dmdi1Ci tð Þ:SAiVio1PViw .
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Afterward, Ciw t1D
TR
t
 
and Ci t1D
TR
t
 
are directly derived from equations (2) and (11), respectively. Since
the concentration of polar compounds in the inlet is constant, equal to C0, Cio and Ciw increase from 0 to C0
and PC0, respectively, following the transport model.
2.2.4.2. Water-Filled Pores
Similarly, for a water-ﬁlled pore i, we combine equations (8), (9), and (11), and solve for the unknown
Ciw t1D
TR
t
 
:
K :Ciw t1D
TR
t
 2
1 12KB1
CmaxK :SAi
Vi
 
:Ciw t1D
TR
t
 
2B50 (13)
where B5Ciw tð Þ1 Dmdi1Ci tð Þ:SAiVi .
Ci t1D
TR
t
 
is directly derived from equation (11). Besides, Ciw increases from 0 to PC0 following the transport
model.
2.3.5. Wettability Alteration
Due to the polar species adsorption, the pore surface undergoes a wettability alteration [Bennett et al.,
2004]. In the absence of any comprehensive model that links the adsorption of polar compounds to the
wettability change, we simply assume that the cosine of the contact angle changes as a linear function of
the adsorption level of polar compounds:
cos hi512 12bð Þ CiCmax (14)
While Ci50, the initial contact angle remains unchanged, i.e., cos hi51. Note that b is an input parameter
ranging between 0 and 1, and corresponds to the limiting contact angle value where Ci5Cmax. However, in
accordance with the Langmuir adsorption isotherm in equation (11), the actual maximum value Cmax actual
that Ci can reach as the transport model is carried out is:
Cmax actual5Cmax
KPC0
11KPC0
(15)
Hence, by combining equations (14) and (15), cos hi decreases during the simulation from 1 to a minimum
value, related to a maximum contact angle hmax:
cos hmax5
11bKPC0
11KPC0
(16)
Consequently, b can be deﬁned as b5cos hmax K ! 11ð Þ at ﬁnite C0 (or as cos hmax C0 ! 11ð Þ at ﬁnite K).
We identify two distinct effects of the wetting change in the oil-ﬁlled and water-ﬁlled pores.
2.3.5.1. Oil-Filled Pores
Due to the uniform contact angle change in any angular pore i; the amount of water in the corners
decreases if the water is connected to the outlet. Water may be completely expelled from the pore if it satis-
ﬁes condition (17), as illustrated in supporting information Figure S4.
hi >
p
2
2ci (17)
where ci is the half-angle of the angular cross sections.
A direct consequence of this mechanism is that water may get surrounded by oil in the vicinity of the water
ﬁlms collapse, which generates trapping of water in the network. In fact, the water phase connectivity may
drop signiﬁcantly at this stage due to large contact angle changes.
2.3.5.2. Water-Filled Pores
As the adsorption levels increase during the transport process in a water-ﬁlled pore i adjacent to the
oil front, the contact angle increases. Consequently, the pore entry pressure, PE ; decreases, which
makes the pore more prone to oil invasion. Oil may then spontaneously invade pore i when its wet-
tability has changed enough for its entry pressure, PE ; to decrease below the current capillary pres-
sure value Pc .
The simulation is stopped when no more invasions are possible at a predeﬁned maximum capillary pres-
sure, Pmaxc and the adsorption steady state is reached. The adsorption steady state is deﬁned as the
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condition where all the remaining accessible and nontrapped water-ﬁlled pores have adsorbed their maxi-
mum capacity of polar compounds, i.e., their contact angles have reached a ﬁnal value equal to hmax (equa-
tion (16)). The ultimate water saturation obtained at the predeﬁned Pcmax will simply be referred to as Swi
(corresponding to an oil saturation Soi512 Swi), which is reached at a ﬁnal time denoted as tf . We refer to
the newly developed model of Primary Drainage during which a Wettability Evolution occurs as PD/WE. An
example of the ﬁrst steps of the simulation is carried out on a regular 2-D network and shown in supporting
information Figure S5. It illustrates the various processes involved in the PD/WE model.
3. Results and Discussion
The simulations are performed on the two networks presented and used by Kallel et al. [2015]: a fairly
homogeneous Berea sandstone network [Jiang et al., 2007], and a heterogeneous network derived from a
microporous carbonate dataset [Jiang et al., 2013]. The Berea and carbonate networks are characterized by
total numbers of pore elements equal to 22,251 and 26,349, average coordination numbers of 3.7 and 3.5,
overall porosities of 19% and 21%, and absolute permeabilities of 1576 and 59 mD, respectively. As
described by Kallel et al. [2015], each network consists of pores with different cross-sectional geometries
including regular n-cornered polygons and stars. Note that the ﬁve-cornered star shapes are predominant
in both networks, with their corresponding half-angle c ranging between 5 and 54 . The latter value corre-
sponds to the pentagon shape.
In this work, we link the pore-scale simulations to the reservoir scale. In fact, we associate each Pc reached
locally in the network with a corresponding height, h; in the oil column:
h5
Pc
Dq:g
(18)
where Dq5qw2qo denotes the difference between the ﬂuids volumetric mass densities (here chosen as
0:2 kg=L); g denotes gravity (9:81 m=s2).
Actually, two main effects will be demonstrated in our simulations, both of which dictate the initial water
saturation for waterﬂooding, Swi :
1. The effect of the contact angle, hmax on Swi : while K , P and C0 are kept constant, b is varied to induce
changes in the contact angles (equation (16)). We either assign a unique b throughout the network, cor-
responding to a single hmax for all the pores, or uniformly distribute b among the pores, generating a
range of contact angles hmax:
2. The effect of the balance between oil invasion and wettability alteration on Swi : while we keep the oil
ﬂow rate, Q, constant, we vary the maximum adsorptive capacity, Cmax. Hence, the polar compounds
adsorption level required to reach the ﬁxed maximum contact angle hmax is changed (equation (14)).
This induces changes in the balance between the processes of oil invasion and wettability alteration.
Note that for the latter sensitivity study at ﬁxed hmax, two limiting cases arise:
1. In the case of an extremely fast wettability alteration relative to ﬂow rate, a full wetting change within
every pore precedes its invasion by oil. Hence, we can simply model it as a conventional PD with an ini-
tial contact angle equal to hmax. We call this special case the Fast Wetting Boundary (FWB).
2. If the oil ﬂow rate is much faster than the wetting change, all invasions are supposed to happen instanta-
neously. The oil invasion process is carried out until the imposed maximum capillary pressure, Pcmax, is
reached. Only after this point the wettability alteration takes effect, starting near the inlet, resulting in
subsequent spontaneous oil invasions. We refer to this limiting case as Slow Wetting Boundary (SWB).
3.1. Berea Sandstone Network
We simulate the above PD/WE model on the homogeneous Berea network. The base-case parameters of
the simulations are: Pmaxc 56600 kPa; Q55e213 m
3=s; C05500 mg=L; D
TR
t 50:007 s; P50:01; D51e25
cm2=s; K51 L=mg;Cmax50:3 mg=m2; b50:0083: Note that the chosen b, K , P, and C0 parameters corre-
spond to hmax580 (equation (16)). Although our base-case parameters have not been derived from a par-
ticular experiment, they are physically realistic, chosen in order to scan all the possible outcomes of our
model during the sensitivity analysis that will follow.
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We ﬁrst start with the case where polar compounds remain in the oil phase (no partitioning, P50), hence
they do not react with the surface, i.e., hmax50 (equation (16)). This corresponds to a conventional PD simu-
lation at a predeﬁned Pmaxc . The pore occupancies are shown in Figure 1. Note that in the absence of wetting
changes, the water saturation reaches Swi50:2, after which no more invasions are possible at ﬁxed Pmaxc .
We now run the PD/WE model for the base-case parameters. Two effects are opposing each other in terms of
changing Swi following the PD/WE model. On the one hand, the corner water collapse in oil-ﬁlled pores due
to the contact angle change, as described in section 2.3.5.1, results in a loss in water phase connectivity. This
effect, that we call ‘‘trapping,’’ tends to increase Swi . On the other hand, the decrease of entry pressures, PE ;
due to the contact angle change as described in section 2.3.5.2, results in a gain in entry pressure accessibility.
This effect, that we call ‘‘enterability,’’ tends to counterbalance the ‘‘trapping’’ effect by decreasing Swi . It fol-
lows from the deﬁnitions that both the ‘‘enterability’’ and ‘‘trapping’’ effects increase with hmax.
The pore occupancies and wettability change following PD/WE at intermediate-wet conditions (hmax580Þ
are shown in Figure 2. The PD/WE at hmax580 results in a slightly higher Swi50:22 compared to the PD Swi5
0:2;meaning that the ‘‘trapping’’ effect is slightly dominating in this case. Note that for hmax580 ; the majority
of the remaining corner water at tf (shown in Figure 2b, top) must be trapped. Indeed, most of the corner
half-angles c are larger than 10 , thus according to equation (17), the corner ﬁlms should have been expelled
if there was any outlet connection. It is clear from the transition Figure 2a (bottom) to Figure 2b (top) that the
wettability change occurs preferentially near the inlet at the beginning of the simulation, with the contact
angle values, h, ranging from 0 to hmax: This qualitatively reproduces the early wetting alteration observed by
Bennett et al. [2004] using FESEM imaging on surfaces near the inlet. Eventually, the adsorption steady state is
reached at tf where a single contact angle hmax governs the pore space.
3.1.1. Effect of hmax on Swi
The pore occupancies and wettability change following PD/WE at water-wet conditions (hmax530) are
shown in Figure 3. Note that at this relatively low hmax; corner water mostly persists and is not trapped. This
is shown in the pore occupancies (Figure 3, top). Consequently, the ‘‘trapping’’ effect is inhibited in this
case, which leaves the ‘‘enterability’’ effect. Thus, quite a modest change in wetting in the PD/WE model in
this case has led to the value of Swi50:14, i.e., the invasion of an additional DSo50:06 above the PD oil satu-
ration. Note that the pore occupancies at tf5280 min (Swi50:14 at Pcmax) are similar to the hmax50 case
shown in Figure 1, and the wetting change is analogous to that showed in Figure 2b (bottom).
The pore occupancies shown on the pore-size distribution (PSD) in Figure 4 demonstrate quite clearly that the
PD/WE model enables the oil to reach the smallest pores that would not have been accessible following the
conventional PD (hmax50) at the same ﬁxed Pmaxc .
3.1.2. Effect of Cmax on Swi
We now keep hmax as the base-case value (80) and increase Cmax from 0:3 to 1:5 mgm2 , i.e., induce a slower
wetting change relative to oil invasion by requiring a higher polar component adsorption level to alter the
contact angle. It is clear from the pore occupancy and wettability change in Figure 5a that, during the PD/
WE process, the oil front is well ahead of the wettability alteration front in the direction of ﬂow. This behav-
ior is different from that shown for the base case in Figure 2a where the two processes are clearly more syn-
chronized. This higher Cmax results in the ‘‘trapping’’ effect being delayed and its effect being weaker.
Since the ‘‘enterability’’ effect is insensitive to Cmax, only depending on hmax; this results in Swi50:09 being
Figure 1. Pore occupancies for the Berea network shown on the x axis (parallel to ﬂow, from (left) inlet to (right) outlet) following PD (i.e.,
PD/WE at hmax50). The simulation reached Swi50:2 at Pcmax after time tf553 min:
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signiﬁcantly lower than the base-case value (0.22). Note that the ﬁnal wettability distribution at tf is similar
to that shown in Figure 2b, bottom.
We now aim to link the simulations to the behavior observed by Bennett et al. [2004] in their core-ﬂood
experiment. To do so, we focus on the evolution of the average mobile concentration of polar compounds
in the oil phase at the outlet bonds, depending on the system’s adsorptive capacity, as described by Figure
6a. For the ‘‘No partitioning’’ case, describing a conventional PD process where polar compounds do not
partition from the oil into the water phase, these polar species naturally emerge at the outlet at their maxi-
mum concentration and exactly when oil breaks through (t5707 s). Besides, when the adsorptive capacity,
Figure 2. (top) Pore occupancies and (bottom) wetting change for the Berea network shown on the x axis (parallel to ﬂow, from (left) inlet
to (right) outlet) following PD/WE for the base-case parameters after (a) t1=2531 min (at which Sw 	 Swi112 ) and (b) tf5315 min (Swi50:22
at Pcmax).
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Cmax, increases, we observe a clear delay in the appearance of polar compounds at the outlet due to a
higher surface activity. Note that the high concentration at which they appear for the Cmax50:03
mg
m2 case is
mainly a contribution of the oil invasion process which carries polar compounds all through the network in
the absence of any substantial surface activity, as described in section 2.1. For higher Cmax, when the
adsorptive capacity of the system is signiﬁcant, the oil phase appears at the outlet depleted of polar species,
which are then resupplied from the inlet through a diffusion process, as described in section 2.2. The simu-
lations qualitatively reproduce the experimental trends provided in Figure 6b, with the polar species
‘‘ﬂuoren-9-one,’’ ‘‘carbazole,’’ ‘‘benzocarbazole,’’ and ‘‘p-cresol’’ corresponding to an increasing surface activi-
ty (i.e., higher Cmax), in order. Note that each curve’s endpoint in Figure 6a corresponds to the adsorption
steady state being reached. At the latter, all the pores in the network have reached maximum adsorption
levels, hence maximum wetting change, regardless of the ﬁnal mobile concentrations. Ultimately, the
Figure 3. (top) Pore occupancies and (bottom) wetting change for the Berea network shown on the x axis (parallel to ﬂow, from (left) inlet
to (right) outlet) following PD/WE at hmax530 and Cmax50:3
mg
m2 after t1=2529 min (at which Sw 	 Swi112 ).
Figure 4. Pore occupancies for the Berea network shown on the pore-size distribution following PD/WE at Cmax50:3
mg
m2 for (a) hmax50
 (Swi50:2); (b) hmax530 (Swi50:14); (c) hmax5
60 (Swi50:05); and (d) hmax580 (Swi50:22).
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average mobile concentration of polar compounds in the oil phase at the outlet bonds (normalized by C0),dCoutlet ; will reach its maximum value, equal to 1, but this will not affect the ﬁnal contact angles and initial
water saturation attained.
The pore occupancies shown on the pore-size distribution in Figure 7, combined with Figure 4d (for
Cmax50:3
mg
m2), reveal that a slower wetting change relative to oil invasion, i.e., higher Cmax at intermediate-
wet conditions leads to a larger volume of small pores being invaded following PD/WE as the invasion pro-
cess is driven further due to a weaker ‘‘trapping’’ effect.
3.1.3. Combined Effect of hmax and Cmax on Swi
The combined effects of hmax and Cmax on Swi at ﬁxed Pmaxc are summarized in Figure 8. Note that the case
hmax50, corresponding to the conventional PD, is shown for comparison purposes, as the notion of Cmax is not
applicable in the absence of adsorption. The results are clearly nonmonotonic with regard to hmax, which can be
interpreted by the competition between the two opposing effects: ‘‘enterability’’ and ‘‘trapping,’’ as follows:
1. For intermediate-wet conditions (hmax580), where both the ‘‘trapping’’ and ‘‘enterability’’ effects are sig-
niﬁcant, Swi monotonically decreases with faster oil invasion relative to wetting change, i.e., higher Cmax.
Indeed, Swi decreases from a value of 0:41; signiﬁcantly higher than the hmax50 case (0:2), to a value as
low as 0:09. This, as explained above, is due to the ‘‘trapping’’ effect getting delayed at higher Cmax.
2. Switching to weakly water-wet conditions (hmax560), leads to much lower Swi , with the gap narrowing
at high Cmax. In fact, while both the ‘‘enterability’’ and ‘‘trapping’’ effects get weaker, the loss in ‘‘enterabil-
ity’’ is lower than the decrease in ‘‘trapping,’’ meaning that the former dominates.
Figure 5. (a) Pore occupancies and (bottom) wetting change for the Berea network shown on the x axis (parallel to ﬂow, from (left) inlet to
(right) outlet) following PD/WE at hmax580 and Cmax51:5
mg
m2 after t1=2532 min (at which Sw 	 Swi112 ) and (b) pore occupancies (only) at
tf5433 min (Swi50:09 at Pc
max).
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3. For water-wet conditions (hmax530) where ‘‘trapping’’ is inhibited, Swi is not sensitive to Cmax: This is rea-
sonable since by slowing down the wettability alteration compared to the oil invasion, only the pore-
ﬁlling sequence is likely to change due to the wettability alteration. And in the absence of any generated
trapping, this does not affect the ﬁnal Swi:
4. Finally, by uniformly distributing hmax 2 0; 80½ , the resulting ‘‘Swi versus Cmax’’ curve lies between the
hmax560 and 80 cases.
Note that Swi for both hmax560 and 80 reside between their respective slow and fast wetting boundaries
(SWB and FWB, respectively), as expected. Moreover, while the FWB increases with higher hmax due to a
more important ‘‘trapping’’ effect, the SWB coincides for the two contact angles considered.
The predicted effects of the PD/WE model on conventional calculations of the oil column saturations are
now described. The Sw versus height, h, above the oil water contact (OWC) is traditionally calculated using
Figure 6. (a) Simulated evolution in time of the average mobile concentration of polar compounds in the oil phase at the outlet bonds
(normalized by C0), dCoutlet ; for the different Cmax mgm2  imposed, compared to the ‘‘No partitioning’’ case, for the Berea network; (b) experimen-
tal plot of the normalized concentrations of polar compounds in the produced oil (mobile) function of the elution time [Bennett et al., 2004].
Figure 7. Pore occupancies for the Berea network shown on the pore-size distribution following PD/WE at hmax580 for (a) Cmax50:03 (Swi50:42) and (b) Cmax51:5 mgm2 (Swi50:09).
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the PD curve, and this is shown in
Figure 9 (denoted hmax50). A series
of simulations of the PD/WE model
were carried out by varying the
main pair of parameters hmax;Cmaxð Þ
at different Pmaxc values, each corre-
sponding to a different height,h; in
the oil column (Figure 9). Note that
h53.3 m corresponds to the base-
case Pmaxc (6600 Pa) used for previ-
ous simulations. By applying the PD/
WE model (hmax > 0), signiﬁcant
changes in phase saturations occur
within the oil column, depending on
hmax and Cmax. This is a generaliza-
tion of the discussion related to Figure 8 in essence, where it would apply in the oil column as the oil charges
the reservoir and the process of wettability evolution occurs.
1. For hmax580 , the curves for the different chosen Cmax lie between the boundaries FWB and SWB, with
higher Cmax leading to monotonically lower Swi . Additionally, the model may result in signiﬁcant nonzero
water saturations, even high in the oil column. In fact, for a relatively fast wetting change Cmax50:03ð Þ,
we observe a vertical curve. This is due to the signiﬁcant amount of water trapping being created at a rel-
atively early stage that inhibits any further displacement, independent of how high the attained Pmaxc (or
h) becomes.
2. The hmax560 curves follow the same behavior as the hmax580 case, but with a narrower gap between
these curves as FWB is shifted to the left. Indeed, a less important ‘‘trapping’’ effect compared to the pre-
vious case leads to Swi being lower all along the oil column. Note that the two slow wetting boundaries
(SWB) for hmax560 and 80 coincide.
3. The hmax530 curve, which is insensitive to Cmax, is shifted to the left as compared to the conventional
PD curve. In other words, PD/WE at water-wet conditions leads to lower water saturations all along the
oil column. In fact, even at the highest point of the curve where all the pores are prone to invasion at
hmax50, Swi is slightly lower due to the shrinking of water in the corners.
3.2. Carbonate Network
In this section, we consider calculations of the type presented above, but now for the more complex multi-
scale carbonate. The base-case parameters of the simulations are: Pmaxc 511713 kPa; Q55e213 m
3=s; C05
500 mg=L; DTRt 50:007 s; P50:01; D51e25 cm
2=s; K51 L=mg;Cmax50:47 mg=m2; b50:0083: Again,
the chosen b, K , P, and C0 correspond to hmax580 (equation (16)). Note that we chose the Pmaxc base-case val-
ue for the carbonate network to be
signiﬁcantly higher than that for the
Berea network. Indeed, the carbon-
ate network has far smaller pores,
thus requires higher capillary pres-
sures to achieve water saturations
comparable to those presented for
the Berea network. The Cmax base-
case value was slightly adjusted
accordingly.
3.2.1. Effect of hmax on Swi
The pore occupancies shown on
the pore-size distribution after the
application of PD/WE at different
hmax are shown in Figure 10. The
PD/WE model at higher hmax ena-
bles the oil to reach higher oil satu-
rations and to invade smaller pores.
Figure 8. The effect of Cmax on Swi for different hmax values for the Berea network.
FWB and SWB are the limiting fast wetting and slow wetting boundaries, respectively.
Figure 9. Distribution in the oil column following the application of the PD/WE model
for different combinations of hmax and Cmax
mg
m2
 
values in the Berea network. FWB
and SWB are the limiting fast wetting and slow wetting boundaries, respectively.
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In particular, it allows oil migration into micropores (ﬁrst bin of the PSD) for high enough hmax (60 and 80).
Indeed, these micropores were not accessible otherwise (hmax < 60) at the same ﬁxed Pmaxc . As shown in
Figure 10e, the ﬁlling of micropores at hmax580 occurred early in the process at Sw lower than 0:5; which
coincides with Swi for the conventional PD (Figure 10a). Indeed, at the same water saturation, the ﬁlling
Figure 10. Pore occupancies for the carbonate network shown on the pore-size distribution following PD/WE at Cmax50:47
mg
m2 for (a) hmax50
 (Swi50:5); (b) hmax530 (Swi50:46); (c)
hmax560 (Swi50:32); (d) hmax580 (Swi50:22); and (e) hmax580 stopped at a predeﬁned Sw50:5. (f) The wettability alteration shown on the pore-size distribution corresponding to
Figure 10e.
Figure 11. Pore occupancies for the carbonate network shown on the pore-size distribution following PD/WE at hmax580 for (a) Cmax50:1 (Swi50:26); (b) Cmax51:4 (Swi50:13); and
(c)Cmax51:4
mg
m2 stopped at a predeﬁned Sw50:5. (d) The wettability alteration shown on the pore-size distribution corresponding to Figure 11c.
Water Resources Research 10.1002/2016WR018703
KALLEL ET AL. WETTABILITY ALTERATION DURING PRIMARY DRAINAGE 1904
pattern when applying PD/WE at
intermediate-wet conditions com-
pared to the conventional PD is dif-
ferent as the oil invasion is more
spread over the PSD. This is due to
the dramatic decrease in entry pres-
sures following the increase in con-
tact angles from 0 to hmax580
(Figure 10f), which changes the ﬁll-
ing sequence to become less
dependent on pore size and more
linked to the adsorption level of
polar compounds and the resulting
wettability alteration.
3.2.2. Effect of Cmax on Swi
In this section, we keep hmax as the
base-case value (80) and induce a slower wetting change relative to oil invasion by increasing Cmax from
0:1 to 1:4 mgm2 . The pore occupancies shown on the pore-size distribution in Figure 11, added to the informa-
tion from Figure 10d, conﬁrm the earlier ﬁndings that a slower wetting change relative to oil invasion at
intermediate-wet conditions results in monotonically decreasing Swi at the same predeﬁned Pmaxc . Besides,
according to Figure 11d, although the wettability alteration was delayed for a higher Cmax (compared to Fig-
ure 10f), the invasion of micropores still occurred at Sw < 0:5 (Figure 11d). Indeed, those invaded micro-
pores experienced enough wettability alteration for their PE to sufﬁciently decrease at a relatively early
stage. Eventually, oil migrates further into micropores for higher Cmax:
3.2.3. Combined Effect of hmax and Cmax on Swi
We summarize the combined effects of hmax and Cmax on Swi at ﬁxed Pmaxc in Figure 12. The results are quali-
tatively similar to those for the Berea network (Figure 8). However, the dependency of Swi on the balance
between the oil invasion and wettability alteration processes at ﬁxed hmax is weaker for the carbonate net-
work because the ‘‘trapping’’ effect is less signiﬁcant. This pattern is attributed to the particular topology of
the multiscale carbonate network where the microporosity joins up the otherwise disconnected larger
pores. Indeed, the largest pores are naturally invaded ﬁrst during PD, and many lose their corner water gen-
erating a loss in the water phase connectivity. However, because their contribution to the overall network
connectivity is low, water remains largely connected early on, leading eventually to lower Swi .
More generally, by varying Pmaxc ; we obtain the oil column distributions for the different pairs of parameters
hmax;Cmaxð Þ shown in Figure 13. Note that h56 m corresponds to the base-case Pmaxc (11712 Pa) utilized for
all previous simulations. Again, the results of the PD/WE model follow the same qualitative trends exhibited
by the Berea network in Figure 9, but the gap between the curves at ﬁxed hmax 60 or 80ð Þ is narrower
since the fast wetting boundary,
FWB, is shifted to the left. This is
again due to the weaker ‘‘trapping’’
effect.
4. Conclusions
In this paper, we have developed a
novel pore-scale model where the
wetting state evolves during
primary drainage, referred to as the
Primary Drainage/Wettability Evolu-
tion (PD/WE) model. The model
involves small polar species from
the oleic phase with high solubility
in water and important surface
activity (e.g., alkylphenols and
Figure 12. The effect of Cmax
mg
m2
 
on Swi for different hmax values for the carbonate
network. FWB and SWB are the limiting fast wetting and slow wetting boundaries,
respectively.
Figure 13. Distribution in the oil column following the application of the PD/WE
model for different combinations of hmax and Cmax
mg
m2
 
values in the carbonate network.
FWB and SWB are the limiting fast wetting and slow wetting boundaries, respectively.
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carbazoles). The PD/WE model qualitatively reproduced experimental observations reported by Bennett
et al. [2004] where an early rapid wettability alteration occurred during primary drainage, preferentially near
the inlet, due to the adsorption of these polar species.
The PD/WE model is proposed as a physically well-founded plausible model using all the pore-scale physics
of ﬂuid displacements and wetting alteration that we currently understand. We are applying this to gener-
ate understanding and explanations of how the complex range of parameters interact in the primary drain-
age and wetting change process that occur when crude oil invades a porous rock. The possible ﬂuid
conﬁgurations and wetting states that can occur and how these give rise to the postdrainage oil column
are considered and explained. Furthermore, we also intended to show that it is straightforward for oil to
invade very small water-ﬁlled, initially water-wet pores with both reasonable and minimal physics-based
assumptions.
Upon the application of the wettability alteration model, we highlighted that two effects were competing
to determine the water saturation following primary drainage, Swi , at ﬁxed maximum capillary
pressure,Pmaxc :
1. ‘‘Trapping’’: loss in water phase connectivity due to corner water removal following the wettability alter-
ation in oil-ﬁlled pores, which tends to increase Swi: Compared to the Berea network, this effect was gen-
erally weaker in the carbonate network due to its particular connectivity dominated by its microporosity.
2. ‘‘Enterability’’: decrease in pore entry pressure PE following the wetting change of water-ﬁlled pores,
which tends to decrease Swi:
We invoked clear differences in the PD behavior by varying both the level of wettability alteration (through
the imposed maximum contact angle reached, hmax ) and the balance between the oil invasion and wetting
change processes (through the system’s adsorptive capacity, Cmax). These two parameters proved to dictate
Swi following PD/WE as they vary the competition between ‘‘trapping’’ and ‘‘enterability’’ as follows:
1. For intermediate-wet conditions (hmax580), where both the ‘‘trapping’’ and ‘‘enterability’’ effects are sig-
niﬁcantly strong, Swi monotonically decreased with faster oil invasion relative to wetting change (higher
Cmax) due to the resulting delay in ‘‘trapping.’’ In fact, depending on Cmax, the model may end up with
either lower or signiﬁcantly higher Swi throughout the oil column compared to the traditional PD simula-
tion. This change in Swi was less dramatic for the carbonate network than for the Berea network because
of the ‘‘trapping’’ being weaker in the former.
2. For weakly water-wet conditions (hmax560), although the behavior was similar to the 80 case, Swi was
generally lower. In fact, while both the ‘‘enterability’’ and ‘‘trapping’’ effects get weaker with lower contact
angle, the loss in ‘‘enterability’’ is compensated by a stronger decrease in ‘‘trapping,’’ meaning that the
former generally dominates.
3. For water-wet conditions hmax530ð Þ where ‘‘enterability’’ dominates in the absence of ‘‘trapping,’’ Swi
was independent of Cmax and was lower all along the oil column compared to the traditional PD.
The PD/WE model provides a physically plausible scenario to explain the phenomenon of oil invasion into
micropores. Indeed, we demonstrated that in the cases of relatively fast oil invasion or small wetting
changes, the oil was able to reach signiﬁcantly higher saturations at ﬁxed Pmaxc : Particularly in the carbonate
network, oil did invade the micropores at moderate capillary pressure values following their wetting alter-
ation. In fact, these micropores were not accessible otherwise following the conventional PD at the same
ﬁxed Pmaxc : The model may also be used to describe carbon-dioxide storage and NAPL contamination in
aquifers. In the latter application wetting changes are expected to play an important role due to adsorption
of various compounds.
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